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Reviewers' comments:
Reviewer #1 (Remarks to the Author):

The manuscript by Al-Aghbar and colleagues gives a nice and comprehensive overview over
potential models that consider mechanical forces to be imperative for T cell antigen recognition. I
have only one criticism, which relates to the paper’s exclusive focus on forces: many if not all
experimental data could also be reconciled with models that do not include forces acting on the
TCR at all. I suggest keeping a somewhat more open attitude to other models throughout the
manuscript.

In addition, there are a few minor points which should be addressed:

¢ Several studies found evidence that tangential - but not normal - forces are involved in T cell
triggering: Gohring et al. 2021, Nature Communications. 12:2502; Feng et al. 2017. PNAS
114:E8204-E8213. How does that fit into the models described here?

e Line 210: Since TCR triggering precedes LFA-1 activation, wouldn’t forces transmitted via LFA-1
act too late?

e Line 290: Those data could as well be explained by the kinetic segregation model.

e Line 488: Peizol -> Piezol

e Figure 8: the symbols for streptavidin and for the untriggered TCR are difficult to distinguish.

Reviewer #2 (Remarks to the Author):
General:

In the manuscript entitled: “Interplay between membrane topology and mechanical forces in TCR
triggering and regulation of T cell activity”, Al-Aghbar et al. proposed a model consisting of the
following key components:

e "mechanical forces transmitted through engaged TCRs cause local bending of the T cell
membrane on the nanometer scale...”

e The sources of mechanical forces on engaged TCRs include “surface receptor topology” and
“Thermally-induced stochastic membrane fluctuations”.

e Localized membrane bending triggers TCR “by changing the relative position of TCRs and
associated signal transduction subunits”, i.e. causing the dissociation of CD3 ITAMs from the
plasma membrane due to “steric pressure increases”.

e Overall, “the extent and duration of local membrane bending determines T cell signaling
strength.”

High-curvature membranes have been observed frequently at cytoskeleton protrusions,
immunological synapses, and vesicles; however, the causative relationship between the membrane
bending and TCR triggering has not been established. The authors proposed this *“membrane-
curvature-driving TCR mechanoactivation” model in an attempt to unify the kinetic segregation
model and the "contradictory" close contact triggering evidence. The work is an extension of some
of the authors' previous studies of the elongated-tethered BC3, OKT3 induced T cell activation
without segregation, which suggested thermal membrane fluctuations as an alternative source of
mechanical forces. Whereas the model provides an interesting speculation for the mechanism of
TCR mechanosensing, this reviewer found insufficient support to some of the authors’ bold claims.
Evidence provided to relate mechanical forces and membrane bending to TCR triggering remains
correlative. Due to the lack of further descriptions, validations, predictions, and outlooks, this
reviewer cannot agree with the proposed model and cannot recommend acceptance of the
manuscript in its current form.

Specific:

1) The authors stated membrane curvature as a general concept without specifying the scales. It
seems to span from micrometers (as in the depiction of synapse) to nanometers (as in discussing
how this change may result in TCR triggering). High membrane bending curvatures are often
associated with structural proteins, heterogeneity of inner and outer leaflets, as well as raft



segregations, which require substantial energy input. The authors do not seem to appreciate how
drastically different energy requirements would be for inducing membrane curvatures at these
different scales. Instead of speculation, the authors should do the hard work to quantitatively
estimate whether the proposed mechanisms (membrane thermal fluctuations and surface receptor
topology) could afford the speculated curvature surrounding a single TCR-CD3 complex at
nanometer scale and how big the passive force would be on engaged TCR should the nanoscale
membrane bending exists. For example, following the Canham-Helfrich theory, one could estimate
the thermally driven height variance to approximate k<sub>B</sub>T/q<sup>4</sup>/k. This
indicates much smaller displacements over the size of TCR-CD3 complex and suggests that the
crowding and steric pressure effects illustrated in Figure 4 are unlikely spontaneous. To the best of
this reviewer’s knowledge, there has been no evidence of membrane bending at the single TCR-
CD3 level. Yet, the authors built their TCR triggering model on such a shaky ground with little
evidence or rationale. It is appreciable though, membrane bending may come in play at larger
scales before and after TCR triggering, such as TCR nanoclustering on microvilli tips on resting T
cells and the formation of TCR microclusters and the development of synapse structures during T
cell activation.

2) TCR ligation/triggering may further induce membrane curvature at the aforementioned scales,
however, there’s no evidence to support the notion that such curvature is a requirement of
signaling initiation. The proposed effect of steric pressure increase caused by membrane curvature
and molecular crowdedness were observed in artificial GUVs loaded with very high densities of
molecules. The authors need to be cautious when translating these observations into a
physiological mechanism, where the number of TCR-CD3 molecules are far below those in the
artificial system. Unfortunately, the core component of the proposed model was built on such a
translation. Without any other supporting evidence, this reviewer is not convinced that this is the
mechanism of TCR mechanosensing, let alone the bold statement “the extent and duration of local
membrane bending determines T cell signaling strength.”

3) Consider two scenarios:

Scenario 1. Low curvature but high signaling- despite increasing membrane rigidity
(10.1073/pnas.2004807117), cholesterol enhances T cell signaling (10.1038/nature17412). In
addition, crowding effects dampen membrane fluctuations; however, the cooperativity of TCR has
been reported (10.1126/scisignal.2000402).

Scenario 2. High curvature but low signaling- on tips of actin-driven protrusions, high curvature
may disrupt the optimal TCR-coreceptor dimensional matching required for effective triggering
(10.3389/fphy.2019.00045).

These scenarios make the correlation between membrane bending and TCR triggering ambiguous.
The authors should provide explanation in order for their hypothesis of membrane-curvature-
driving mechanoactivation not to be negated.

4) Whereas the authors’ model provides another approach to visualize the impact of mechanical
forces, this reviewer has concern about the low signal-to-noise ratio given its large intrinsic
displacements in refs 78-81, which makes the model validation challenging. The authors should
provide some measure for how well their approach works.

Overall, this reviewer found the model to be primitive and misleading due to lack of supporting
evidence to its core components. However, the authors made very nice discussion on topics on
TCR triggering as monomeric vs dimeric ligands, soluble vs immobilized ligands, membrane
molecular topology, effect of CD45 and kinetic segregation models. Although some of these are
hardly unified into their proposed membrane curvature model, this reviewer would encourage the
authors to refine their model of membrane curvature, with the necessary caveats, and present
these discussions to the field as a Perspective.



Reviewers' comments:

Reviewer #1 (Remarks to the Author):

The manuscript by Al-Aghbar and colleagues gives a nice and comprehensive overview over
potential models that consider mechanical forces to be imperative for T cell antigen recognition.
I have only one criticism, which relates to the paper’s exclusive focus on forces: many if not all
experimental data could also be reconciled with models that do not include forces acting on the
TCR at all. I suggest keeping a somewhat more open attitude to other models throughout the

manuscript.

We discussed throughout this perspective current explanations for TCR triggering, and we also
tried to present a new viewpoint based on accumulating evidence of the role of force in TCR
triggering. We tried to strike a balance in this perspective between current explanations of the
published data and the possibility of further explanations. Indeed, we appreciate your Kind
suggestion to tone down the text when solid data is still missing. For example, we discussed the
popular kinetic segregation (KS) model and how results using soluble monovalent ligands support
this model (Section: 1. Soluble monovalent ligands do not activate T cells). We also discussed
experiments conducted to test the model, current results and understanding in Section: 7. CD45
segregation is not required for TCR signaling. In the revised manuscript, we also added additional
points regarding explanations from the cholesterol allostery model in section 8: Membrane

mechanosensing and mechanical stiffness potentiate TCR triggering.

However, the allosteric model of TCR regulation posits that cholesterol has affinity to TCRp and
can bind only with non-triggered TCRs, inhibiting the overall TCR stimulation, and that
cholesterol removal from around TCRs is required to initiate signaling [1]. Similarly, treating T
cells with cholesterol sulfate, a natural derivative of membrane cholesterol, inhibits TCR avidity
and disrupts TCR nanoclusters [2]. Yang et al. 2016 reported that inhibiting cholesterol
esterification increases cholesterol levels in the membrane of CD8+ T cells and enhances their
antitumor activity [3]. These diverse studies suggest that cholesterol may play a more complicated

role in TCR triggering than simply adjusting membrane rigidity.



In addition, there are a few minor points which should be addressed:
* Several studies found evidence that tangential - but not normal - forces are involved in T cell
triggering:

Gohring et al. 2021, Nature Communications. 12:2502;

Feng et al. 2017. PNAS 114:E8204-E8213.

How does that fit into the models described here?

Actually, both tangential as well as normal forces are involved in TCR triggering. Li et al. 2010
showed that both tangential (shear) forces as well as normal forces applied on TCRs induced Ca?*
flux in T cells (line 141-144 and figure 2.6.) [4]. Similarly, pushing or pulling TCRs using AFM

induces Ca?* flux [5].

GoOhring et al. 2021, Nature Communications. 12:2502:

In this paper, the described forces are measured late after activation, and after immunological
synapse formation. Tangential movement was driven by the internal machinery of the cell and
powered by F-actin, which may lead to polarized delivery of ectosomes [6]. However, in our

manuscript, we focus more about the initial triggering of TCRs.

Feng et al. 2017. PNAS 114:E8204-E8213:

This paper showed that tangential (shear) forces might more potently initiate triggering as

compared to normal forces [7]. Based on Feng et al., the variations in TCR triggering can be
explained by geometry, in which vertical tensile forces are equally distributed over ligated TCRs,
which requires higher force input to induce TCR conformational changes and initiate triggering.
By contrast, shear forces may pull TCR or TCR nanoclusters in one direction. Therefore, less force
input is concentrated over fewer TCRs to induce triggering. In addition, vertical forces may pull
TCRs away from the cytoskeleton beneath the plasma membrane as compared to shear forces,

since the cytoskeleton is important to stabilize signaling, triggering by pulling forces may be lower.



We included this point in the revised manuscript on (section: Mechanical force can initiate
signaling through the TCR):

The potency of tangential (shear) forces as compared to normal (pulling) forces was also described
in detail by Feng et al. 2017 [7]. These results might be explained by geometry, in which vertical
tensile forces are equally distributed over ligated TCRs, which requires higher force input to induce
TCR conformational changes and initiate triggering. By contrast, shear forces may pull TCRs or
TCR nanoclusters in one direction. Therefore, less force input is required over fewer TCRs to
induce triggering. In addition, vertical forces may pull TCRs away from the cytoskeleton beneath
the plasma membrane to a greater extent than shear forces, which may negatively impact triggering
during vertical pulling since the cytoskeleton acts as a scaffold for signaling complexes [7].

* Line 210: Since TCR triggering precedes LFA-1 activation, wouldn’t forces transmitted via LFA-

1 act too late?

No, it is not too late. When using natural pMHC complexes on SLBs, T cells cannot efficiently
respond without ICAM-1, supporting the notion that LFA/1-ICAM-1 interactions are required to
establish an environment in which TCR-pMHC interactions can take place and function.
Furthermore, Saito’s group showed that micro-adhesion rings surrounding TCR microclusters
formed very early in TCR triggering (~30 sec) and moved along with TCR clusters to the cSMAC.
Disruption of micro-adhesion ring formation by downmodulating its components led to impaired
T cell adhesion and TCR triggering [8]. Therefore, we speculate that LFA-1/ICAM-1 binding
stabilizes TCR/pMHC interactions, and that outside-in signaling of LFA-1/ICAM-1 is not delayed
from the initial signal TCRs receive. The role of LFA-1/ICAM-1 is likely to enable TCR-pMHC
interactions and to intensify signaling initiated by TCR ligation, possibly by increasing membrane
bending around TCRs immediately upon engagement.

* Line 290: Those data could as well be explained by the kinetic segregation model.



Yes, that is right, and we edited the text to reflect this. The KS model also fits to the observation
that CD45 segregates from engaged TCRs bound by tethered ligands, but it fails to explain other
results such as the finding that CD45 can co-localize with activated TCR [9], and data showing
that CD45 segregation follows TCR triggering by phase separation [10]. In addition, we argue that
most of the experiments that were designed to prove the KS model by using truncated or chimeric
CD45 were also affecting CD45 localization relative to Lck in lipid domains or reducing CD45
catalytic activity [11; 12].

The manuscript was revised on (section 1. Soluble monovalent ligands do not activate T cells)

These results are consistent with both the KS model and with deformation of the T cell membrane
by physical forces. In fact, the KS model is very popular because of the obvious segregation of
CD45 from the immune synapse and TCR microclusters, and studies showing that disruption of
CD45 segregation abolished signaling [13; 14; 15]. However, other studies show that CD45
segregation is not required for TCR triggering [9; 10; 16].

(Discussed in detail in (section: 7. CD45 segregation is not required for TCR signaling)

 Line 488: Peizol -> Piezol
Corrected

* Figure 8: the symbols for streptavidin and for the untriggered TCR are difficult to distinguish.
Thanks, streptavidin shape and color are now modified, and the whole figure is slightly modified

to show the effect of both membrane curvature and CD45 segregation in TCR signaling.



Reviewer #2 (Remarks to the Author):

General:

In the manuscript entitled: “Interplay between membrane topology and mechanical forces in TCR
triggering and regulation of T cell activity”, Al-Aghbar et al. proposed a model consisting of the
following key components:
* “mechanical forces transmitted through engaged TCRs cause local bending of the T cell
membrane on the nanometer scale...”
* The sources of mechanical forces on engaged TCRs include “surface receptor topology” and
“Thermally-induced stochastic membrane fluctuations”.
* Localized membrane bending triggers TCR “by changing the relative position of TCRs and
associated signal transduction subunits”, i.e. causing the dissociation of CD3 ITAMs from the
plasma membrane due to “steric pressure increases”.
* Overall, “the extent and duration of local membrane bending determines T cell signaling

strength.”

High-curvature membranes have been observed frequently at cytoskeleton protrusions,
immunological synapses, and vesicles; however, the causative relationship between the membrane
bending and TCR triggering has not been established. The authors proposed this “membrane-
curvature-driving TCR mechanoactivation” model in an attempt to unify the kinetic segregation
model and the "contradictory" close contact triggering evidence. The work is an extension of some
of the authors' previous studies of the elongated-tethered BC3, OKT3 induced T cell activation
without segregation, which suggested thermal membrane fluctuations as an alternative source of
mechanical forces. Whereas the model provides an interesting speculation for the mechanism of
TCR mechanosensing, this reviewer found insufficient support to some of the authors’ bold claims.
Evidence provided to relate mechanical forces and membrane bending to TCR triggering remains

correlative. Due to the lack of further descriptions,



validations, predictions, and outlooks, this reviewer cannot agree with the proposed model and

cannot recommend acceptance of the manuscript in its  current  form.

Specific:

1) The authors stated membrane curvature as a general concept without specifying the scales. It
seems to span from micrometers (as in the depiction of synapse) to nanometers (as in discussing
how this change may result in TCR triggering).

We are referring to nanometer scale changes, not the micrometer scale changes. We stated that in

different places in the text (please refer to the abstract)

High membrane bending curvatures are often associated with structural proteins, heterogeneity of
inner and outer leaflets, as well as raft segregations, which require substantial energy input. The
authors do not seem to appreciate how drastically different energy requirements would be for
inducing membrane curvatures at these different scales. Instead of speculation, the authors should
do the hard work to quantitatively estimate whether the proposed mechanisms (membrane thermal
fluctuations and surface receptor topology) could afford the speculated curvature surrounding a
single TCR-CD3 complex at nanometer scale and how big the passive force would be on engaged
TCR should the nanoscale membrane bending exists.

For example, following the Canham-Helfrich theory, one could estimate the thermally driven
height variance to approximate ks T/q*/«. This indicates much smaller displacements over the size
of TCR-CD3 complex and suggests that the crowding and steric pressure effects illustrated in
Figure 4 are unlikely spontaneous. To the best of this reviewer’s knowledge, there has been no
evidence of membrane bending at the single TCR-CD3 level. Yet, the authors built their TCR
triggering model on such a shaky ground with little evidence or rationale. It is appreciable though,
membrane bending may come in play at larger scales before and after TCR triggering, such as
TCR nanoclustering on microvilli tips on resting T cells and the formation of TCR microclusters

and the development of synapse structures during T cell activation.



As reviewed by Chabanon et al., there are 5 biological mechanisms by which cellular
membranes are deformed: changes in lipid composition that causes lipid asymmetry in inner and
outer membrane leaflets, scaffolding of some proteins on one side of the membrane, protein
oligomerization or clustering, hydrophobic insertion of proteins with amphipathic helices, and
protein crowding [17].

In fact, it is widely accepted that when two membranes from two adjacent cells come into
contact, the insulating glycocalyces are sorted, cause conformational changes, or drive membrane
bending to allow close contact of short ligands/receptors such as pMHC/TCR interaction. This was
proposed since decades by Timothy Springer (1990) [18]. This was also suggested by Burroughs
and Wulfing (2002) [19]. In addition, membrane bending is resulted from close pMHC/TCR
contact, and these binding energy drives protein sorting and membrane relaxation to more stable
situation, as discussed by James and Vale (2012) [20].

In our model, we propose that membrane bending results from direct input of force from
membrane receptor topology as well as membrane fluctuations. Is energy input from membrane
topology sufficient to induce membrane bending: We think it is sufficient for the following
reasons:

1. Our membrane bending model looks similar to the elegant system created by Kim 2020

[21], in which live cells with biotinylated membrane lipids were moved by interactions
with magnetic-avidin-coated beads via optical tweezers to generate membrane
curvature. Similar experiments were performed on biotinylated lipid vesicles bound to
an avidin coated glass surface to generate membrane vertical movement. Kim estimated
that applying 9 pN of force on vesicles with a radius in a deformation-free configuration
(rvr = 70 nm) and with radius of the area of contact with the underlying surface (rv. =
58 nm), the membrane extended up to ~ 60 nm. [21]. Actually, the intercellular space
between engaged APCs and T cells is less than 60 nm, which means that 9 pN of input
is sufficient to induce the estimated membrane bending. But is 9 pN sufficient to induce
triggering? This was answered by Liu et al. in 2016, in which a tension map to induce
TCR triggering was prepared, and according to Liu et al., applying a force of 12 pN to
individual TCRs can initiate TCR triggering [22]. In other words, applying a force of
12 pN to individual TCR causes TCR triggering and is more than required to bend T

cell membrane.



2. Bending rigidity values obtained from many studies at fixed ligand concentration
showed that both T cells and APCs have membrane bending rigidity of 25ksT [23].

3. Applying Kim 2020 to live systems, E-cadherin was pulled from the surface of human
bone osteosarcoma epithelial cells, and the displacement of the membrane around
pulled E-cadherin was measured. Results collected from E-cadherin or lipid vesicles
showed that the biological membrane can be always deformed (displaced) when
applying forces to surface proteins. The displacement depends on the size of the cells
or vesicles [21].

4. Increasing membrane rigidity by treating cells with excessive amount of cholesterol
(20 mM) while pulling E-cadherins changed the curve of pulling and relaxation of
cadherin, indicating that membrane lipid deformation is dependent on membrane
rigidity (more force is required for membrane bending (deformation)) [21].

5. In one interesting paper, Hatzakis et al. developed a method to measure curvature in
deformed membranes based on the inserted wedges of alkyl motifs of membrane
curved proteins such as the N-terminus of endophilin Al (eAH) [24]. This system was
based on the curves generated by liposomes, which could be estimated using different
variants such as liposome radius, total area, and lipid thickness. In this model, it was
found that higher deformed membranes (like that in 50 nm liposomes) may generate
higher binding sites for these wedges. Due to topological variations in membrane
proteins, a high degree of membrane curvature is expected to be formed around
engaged TCRs surrounded with dispersed free or bound proteins such as CD45 and
LFA-1, respectively. Therefore, if membrane deformation occurs, curvature sensing
proteins with alkyl motifs should be detected around individual TCRs or TCR
nanoclusters. In this regard, endophilin A2, a closely related endophilin protein that
regulates membrane bending through a BAR domain [25], colocalizes with TCRs and
pZap70 upon TCR triggering, and it plays an important role in TCR internalization. A

deficiency of this protein significantly reduces T cell activation [26].

Figure 4 does not illustrate how mechanical forces are provided by membrane topology, but rather
that biological membranes fluctuate over time (stochastic membrane fluctuations). Stochastic

membrane fluctuations have been described in many prvious publications [27; 28; 29; 30].



We summarized these articles on section (Role of membrane bending in T cell activation) to
support the notion that the T cell membrane can be deformed when applying forces on individual
TCRs or TCR nanoclusters.

One of the biggest challenges is to prove that membrane bending at the nanometer scale can be
achieved by molecular topology of the T cell membrane. In an elegant study performed by Kim
and colleagues, beads coupled to liposomes or cells by biotin-streptavidin or cadherin interactions,
were pulled by optical tweezers to generate membrane curvature, in which the liposome radius,
surface area of contact, temperature, the applied forces, and membrane displacement were
measured. Kim estimated that applying 9 pN of force on vesicles with a 70 nm radius in a
deformation-free configuration and with 58 nm radius of the area of contact with the underlying
surface caused the membrane to extend up to ~ 60 nm [21]. Although a liposome is obviously
different from a cell, the intercellular distance between engaged APCs and T cells needs to be less
than 15 nm, suggesting that 9 pN of force may be sufficient to induce membrane bending at
engaged TCRs. In an elegant study, Liu applied forces to individual TCRs to generate a tension
map showing that about 12 pN of force acting on individual TCRs can initiate TCR signaling [22].
Taken together, these studies indicate that the amount of force needed to generate membrane
deformation is similar to the force required for TCR triggering. Hatzakis et al. developed an
interesting method to measure curvature in deformed membranes based on insertion of wedges of
alkyl motifs of membrane curved proteins such as the N-terminus of endophilin A1l (eAH); A
higher degree of membrane deformation creates more binding sites for these wedges [24].
Interestingly, endophilin A2, a closely related endophilin protein that regulates membrane bending
through a BAR domain [25], colocalizes with TCR microclusters and pZap70 upon TCR
triggering. This protein also plays an important role in TCR internalization, and its deficiency

reduces T cell activation significantly [26].

2) TCR ligation/triggering may further induce membrane curvature at the aforementioned scales,
however, there’s no evidence to support the notion that such curvature is a requirement of signaling

initiation. The proposed effect of steric pressure increase caused by membrane curvature and



molecular crowdedness were observed in artificial GUVs loaded with very high densities of
molecules. The authors need to be cautious when translating these observations into a
physiological mechanism, where the number of TCR-CD3 molecules are far below those in the
artificial system. Unfortunately, the core component of the proposed model was built on such a
translation. Without any other supporting evidence, this reviewer is not convinced that this is the
mechanism of TCR mechanosensing, let alone the bold statement “the extent and duration of local

membrane bending determines T cell signaling strength.”

This model is correlative, based on observations listed in the manuscript and further examples
listed above. We based this statement “the extent and duration of local membrane bending
determines T cell signaling strength) on the fact that catch bonds last longer than slip bonds, but

we agree that this statement was not accurate, so we modified it to:

. In this “TCR Bending Mechanosignal” model (TBM), the necessary extent and duration of local
membrane bending is achieved by agonist that form catch bonds, which may reduce the noise
signal coming from non-specific binding since the slip bonds ruptures before phosphorylation that
prevents relaxation of TCR ITAMs to the resting state. We compare other proposed models to the

proposed new standpoint in data obtained from accommulative publications in this field.

3) Consider two scenarios:
Scenario 1. Low curvature but high signaling- despite increasing membrane rigidity
(10.1073/pnas.2004807117), cholesterol enhances T cell signaling (10.1038/nature17412). In
addition, crowding effects dampen membrane fluctuations; however, the cooperativity of TCR has
been reported (10.1126/scisignal.2000402).
Scenario 2. High curvature but low signaling- on tips of actin-driven protrusions, high curvature
may disrupt the optimal TCR-coreceptor dimensional matching required for effective triggering
(10.3389/fphy.2019.00045).

These scenarios make the correlation between membrane bending and TCR triggering ambiguous.

The authors should provide explanation in order for their hypothesis of membrane-curvature-



driving mechanoactivation not to be negated.

Scenario 1

Cholesterol increases membrane thickness and lipid packing which results in more bending rigidity
[31]. In the reference you mentioned, Yang et al. 2016 used a model system where cholesterol
esterification was inhibited. They showed that cholesterol level increased in CD8+ but not CD4+
T cell membranes, which enhanced TCR clustering and immune synapse formation, and as a result

higher anticancer activity [3].

By contrast, in our model, it is expected that more force input is required to bend cholesterol rich
membrane as compared to normal membranes. Or in other words, cholesterol may inhibit TCR
signaling because membrane bending can’t be achieved at low force levels. However, other studies
that are not consistent with Yang et al. and show inhibitory effects of the presence of cholesterol
on TCR triggering:

1. Treating human T cell lines or naive human T cells with cholesterol impairs calcium
signaling and T cell activation by anti-CD3/anti-CD28 stimulation [32].

2. Accumulation of cholesterol in aged mouse T cells decreases their potency to be activated
[33; 34].

3. High cholesterol levels in aged human T cells decreases membrane fluidity leading to
impaired lipid rafts and reduced T cell activation and proliferation [35].

4. Cholesterol sulfate, a natural derivative of membrane cholesterol, inhibits CD3 ITAM
phosphorylation. There is a tendency of cholesterol and cholesterol sulfate to bind TCRp,
and treating T cells with cholesterol sulfate inhibits TCR avidity and disrupts TCR
nanoclusters [2].

5. Schamel proposed a cholesterol allosteric model of TCR regulation. The model states that
the TCR is controlled by conformational switches depending on their engagement to
pMHC, and that cholesterol levels in the T cell membrane helps maintain TCRs in a resting
conformation. Three findings contribute to the cholesterol allosteric model: i. Cholesterol
can bind only with non-triggered but not with triggered TCRs. ii. Cholesterol binding
inhibits TCR triggering. iii. Cholesterol removal is associated with TCR triggering [1].



These diverse studies suggest that cholesterol may play a more complicated role in TCR triggering

than adjusting membrane rigidity.

We added the following to the text to clarify the relationship between cholesterol and membrane

bending (Section: 8. Membrane mechanosensing and mechanical stiffness potentiate TCR

triggering):

It is therefore expected that increasing membrane rigidity may require more force to generate
membrane bending. Cholesterol, for example, increases membrane rigidity and negatively impacts
TCR triggering. Treating human T cell lines or naive human T cells with cholesterol upon
activation with anti-CD3/anti-CD28 impairs calcium signaling and T cell activation [32].
Accumulation of cholesterol in aged mouse T cells also correlates with decreased activation
potential [33; 34]. Similarly, high cholesterol levels were detected in aged human T cells. At high
cholesterol levels, membrane fluidity decreases leading to impaired lipid raft formation and
reduced T cell activation and proliferation [35]. However, the allosteric model of TCR regulation
posits that cholesterol has affinity to TCR and can bind only with non-triggered TCRs, inhibiting
the overall TCR stimulation, and that cholesterol removal from around TCRs is required to initiate
signaling [1]. Similarly, treating T cells with cholesterol sulfate, a natural derivative of membrane
cholesterol, inhibits TCR avidity and disrupts TCR nanoclusters [2]. Yang et al. 2016 reported that
inhibiting cholesterol esterification increases cholesterol levels in the membrane of CD8+ T cells
and enhances their antitumor activity [3]. These diverse studies suggest that cholesterol may play

a more complicated role in TCR triggering than simply adjusting membrane rigidity.

Scenario 2

Based on Sage et al. 2012, invadosomes like protrusions (ILPs) average ~430 nm in depth and
~350 nm in width [36]. This curved projection is very large as compared to individual TCRs or
TCR nanoclusters, which means that the membrane bending in the tip of ILP is still less than that
around an engaged TCR surrounded by LFA-1/ICAM-1 and CD45. However, it is expected that



invadosomes provide sites for signaling and help overcome the glycocalyx barrier to form close

intercellular contacts with APCs to enhance antigen probing efficiency [36].

We added the following to section (8. Membrane mechanosensing and mechanical stiffness

potentiate TCR triggering):

ILPs have average size of ~430 nm in depth and ~350 nm in width that help overcome the
glycocalyx barrier and form close intercellular contacts with APCs to enhance antigen probing
efficiency [36]. These protrusions are stabilized by calcium mobilization, which may support

signal amplification [36] .

4) Whereas the authors’ model provides another approach to visualize the impact of mechanical
forces, this reviewer has concern about the low signal-to-noise ratio given its large intrinsic

displacements in refs 78-81, which makes the model validation challenging. The authors should

provide some measure for how well their approach works.

These references describe the natural membrane fluctuations that appear with and without TCR
ligation. We expect that the following happens in regard to reduce the noise signal (signal from
antagonist):

1. Ligation to pMHC is specific, binding to weak antagonists will be with lower affinity as
compared to agonist ligands.

2. As described elsewhere, catch bonds are formed only by agonists. Membrane fluctuations
are necessary to distinguish catch bonds from slip bonds, now most of the noise signals
(slip bonds formed with antagonists) are removed.

3. Initial triggering starts with exposed ITAMs. Catch bonds may induce cooperative binding
with other TCRs, calcium flux stabilizes invadosome protrusions, and within seconds,
LFA-1 inside-out signal is activated.

4. The force provided by LFA-1/ICAM-1 interactions may intensify bending around TCRs,
and that is required for signal amplification. If there are still low-affinity bound TCRs,

bonds are disrupted.



The following was added to the summary:

We expect that TCR triggering is regulated tightly by membrane bending to reduce signaling noise.

Therefore, the following are expected to happen sequentially to start TCR signaling:

1.
2.

T cells meets APCs that present an agonist peptide on MHC molecules.

T cell uses microvilli/ILPs to sense the availability of agonist pMHC and to overcome the
glycocalyx barrier.

Catch bonds are formed only by agonists whereas membrane fluctuations rapidly break
slip bonds to reduce signaling noise (from antagonist).

Stabilized catch bonds may induce cooperative binding with other TCRs.

The topological variations between TCRs and other membrane proteins induce membrane
bending, which results in further pressure to break non-specific binding. Conformational
changes within the TCR complex components relative to the T cell membrane cause
dissociation of { chain from the inner leaflet of the plasma membrane.

Initial triggering starts, phosphorylated € induces downstream signaling that stabilizes the
structure of ILPs by calcium-dependent mechanisms. In addition, talin is recruited to
induce LFA-1 activation to ligate to ICAM-1 on the APC surface.

LFA-1/ICAM-1 interactions induce outside-in signaling that increases LFA-1 binding
affinity. LFA-1/ICAM-1 binding intensifies membrane bending to amplify TRC signaling.
Microadhesion rings move in arrays to the center of T cell/APC contact area forming the
cSMAC, while other microadhesion rings keep appearing at the pPSMAC and moving to
the cSMAC powered by the cell cytoskeleton.

Overall, this reviewer found the model to be primitive and misleading due to lack of supporting
evidence to its core components. However, the authors made very nice discussion on topics on
TCR triggering as monomeric vs dimeric ligands, soluble vs immobilized ligands, membrane
molecular topology, effect of CD45 and kinetic segregation models. Although some of these are
hardly unified into their proposed membrane curvature model, this reviewer would encourage the
authors to refine their model of membrane curvature, with the necessary caveats, and present these



discussions to the field as a Perspective.
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REVIEWERS' COMMENTS:
Reviewer #1 (Remarks to the Author):

The authors addressed my comments adequately. I recommend publication

Reviewer #2 (Remarks to the Author):

Overall the manuscript has been much improved. The authors added a clear summary of their
model and removed/softened the over-statements. Instead of claiming membrane bending
initiates signaling, they now presented it as ways to facilitate noise reduction (filtering out weak
(slip) bonds) and ITAM exposure. They also added missing literature and discussion to address
reviewers' concerns. These in general provide good support to their model.
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